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tion involves a large displacement of H1, stabilized by new salt bridges with b-tubulin, and an opening of CC1 at the base of the stalk (Fig. 4E) . The movements of H1 and CC1 likely constrain the registries that can be explored by the stalk, biasing the distribution toward the high-affinity a registry (Fig. 4E) . Propagation of this signal to the head would elicit conformational changes that produce a movement of the linker domain and a displacement of dynein toward the MT minus end.
Our analysis of dynamic salt bridges reveals that cytoplasmic dynein has been selected for submaximal processivity. Whereas kinesin has diversified its functional repertoire through gene duplication and divergence (33) , cytoplasmic dynein is expressed from a single locus and may have evolved suboptimal processivity to increase the dynamic range of its regulation. High processivity could also be detrimental when multiple dyneins and kinesins must balance their actions on a single cargo (34) . Consistent with this idea, intraflagellar dyneins, responsible for long, unidirectional transport within cilia (35, 36) , contain neutral or basic residues at the equivalent of H6-E3378 (fig. S12), which would likely increase their processivity. Anne Schmidt-Küntzel, 3, 5 Melody E. Roelke, 3, 6 Javier Pino, 7 Joan Pontius, 3, 6 Gregory M. Cooper, 1 Hermogenes Manuel, 2 William F. Swanson, 8 Laurie Marker, 5 Cindy K. Harper, 9 Ann van Dyk, 10 Bisong Yue, 4 James C. Mullikin, 11 Wesley C. Warren, 12 Eduardo Eizirik, 13, 14 Lidia Kos, 7 Stephen J. O'Brien, 3 † ‡ Gregory S. Barsh, 1,2 † Marilyn Menotti-Raymond 3 Color markings among felid species display both a remarkable diversity and a common underlying periodicity. A similar range of patterns in domestic cats suggests a conserved mechanism whose appearance can be altered by selection. We identified the gene responsible for tabby pattern variation in domestic cats as Transmembrane aminopeptidase Q (Taqpep), which encodes a membrane-bound metalloprotease. Analyzing 31 other felid species, we identified Taqpep as the cause of the rare king cheetah phenotype, in which spots coalesce into blotches and stripes. Histologic, genomic expression, and transgenic mouse studies indicate that paracrine expression of Endothelin3 (Edn3) coordinates localized color differences. We propose a two-stage model in which Taqpep helps to establish a periodic pre-pattern during skin development that is later implemented by differential expression of Edn3. (Fig. 1A) . Periodic color patterns in other felids may represent the same process; for example, dark tabby markings in domestic cats may be homologous to black stripes or spots in tigers or cheetahs, respectively (2) . A logical explanation for tabby patterning involves the Agouti-melanocortin receptor system, in which Agouti protein, a paracrine signaling molecule released from dermal papillae, acts on overlying hair follicle melanocytes to inhibit the melanocortin 1 receptor (Mc1r), causing a switch from the production of black/brown eumelanin to red/yellow pheomelanin (3, 4) . According to this hypothesis, dark tabby stripes are areas in which Agouti signaling is suppressed or surmounted during hair growth and regeneration. However, known components of the Agouti-melanocortin (1, 2, 5, 6) . Instead, the difference between mackerel and blotched is controlled by a single locus, Tabby (Ta), whose genetic position does not suggest an obvious candidate gene (7) but whose effects could be manifested via differential control of melanocortin signaling.
The 3X cat genome assembly is not contiguous across the Tabby linkage interval (7), but comparison to homologous regions in the dog and human genomes suggests a candidate interval of~5 Mb in length ( fig. S1A ). Old World wild cats, from which domestic cats arose~10,000 years ago (8) , exhibit a mackerel-like pattern. However, the blotched pattern is common in many modern breeds, suggesting that one or a few Ta b causal variants would lie in a region of reduced allelic variation due to recent selection. We used comparative genomic information to identify singlenucleotide polymorphisms (SNPs) in the candidate interval, then genotyped and analyzed 16 blotched ) (fig. S1B). Twenty-four markers genotyped in and around the associated region in 58 blotched and 19 mackerel cats indicated that all blotched animals shared a common haplotype extending for 244 kb, whereas mackerel samples exhibited several haplotypes within the same interval (figs. S1C and S2). Coding sequences from three genes are located within the 244-kb interval: Commd10, LOC644100, and a third gene whose human ortholog has been referred to as both Aminopeptidase Q and Laeverin (9) . No sequence alterations were observed in LOC644100 or Commd10, but most blotched cats carried a nonsense mutation, W841X (Fig. 1B, fig. S2 , and table S1), in exon 17 of the third gene. We subsequently identified two additional variants in the same gene, S59X and D228N (Fig. 1B, fig. S2, and without obvious effects on other organ systems. We refer to this gene as Transmembrane Aminopeptidase Q (Taqpep) and the protein product as Tabulin to reflect its organismal function.
Taqpep encodes a type II membrane-spanning protein of the M1 aminopeptidase family, whose members are characterized by the presence of GAMEN exopeptidase (SAMEN in Taqpep) and HEXXHX 18 E zinc-binding motifs in their extracellular domains (Fig. 1B) (9) . In feral cats, we observed homozygosity or compound heterozygosity for the Ta b S59X or W841X alleles in 58 out of 58 (58/58) blotched animals, with no phenotypic distinction among the different genotypic classes, compared to 51/51 mackerel cats that carried 0 or 1 Ta b alleles (table S1) . A third Ta b allele, D228N, was found to cosegregate with the blotched phenotype in a research colony ( fig.  S2D ). In feral cats, we also observed two variants at codon 139, one of which, T139N, was significantly associated (P = 0.0017, Fisher's exact test) with an atypical swirled pattern (figs. S2 and S4D and table S1) and therefore may represent hypomorphic or neomorphic activity. Overall, the mutant W841X allele predominates and is responsible for the strong haplotype signature ( fig. S1C ), although the S59X allele occurs on the same haplotype background, in trans to W841X ( fig. S2 ).
Cheetahs (Acinonyx jubatus) with the rare king pattern were originally described as a distinct felid species (10) but were later recognized as having a monogenic trait with an autosomal recessive mode of inheritance (11) . In king cheetahs, the black spots coalesce into larger areas, and multiple longitudinal black stripes appear on the dorsum ( S3 ). We did not detect the N977Kfs110 mutation in wild cheetahs caught in Namibia (n = 191), Tanzania (n = 23), or Kenya (n = 3).
Depictions of tabby markings from the Middle Ages are mostly mackerel, but the blotched phenotype increased to a sufficiently high frequency to be described by Linnaeus in 1758 as characteristic for the domestic cat, predating the formation of most modern breeds. We examined the predicted Tabulin sequence in 351 cats from 24 breeds (table S2) and observed that the W841X allele is polymorphic in most breeds of Western origin, but rare or absent in Eastern breeds. The high allele frequency for W841X in Abyssinian (1.0), Birman (0.71), and Himalayan (0.77) cats is especially notable, because tabby markings in these breeds are masked by epistatic interactions. The S59X allele, probably representing a complete ablation of protein function, is most common in Norwegian Forest Cats, and we observed one S59X/S59X homozygote with a blotched phenotype.
We determined Taqpep sequence for 31 wild felid species, identifying 130 synonymous and 64 nonsynonymous predicted substitutions ( fig.  S4A ). We assessed the potential functional impact of the nonsynonymous substitutions with multivariate analysis of protein polymorphism (MAPP) (12) , a quantitative approach that takes into account both evolutionary conservation and side-chain physicochemical properties. A MAPP score >10 indicates a likely impact on protein function, and the T139N and D228N substitutions associated with atypical swirled and blotched mutant phenotypes, respectively, in the domestic cat yield MAPP scores of 11 (P = 1.5 × 10 −3
) and 14 (P = 3.9 × 10 −4 ) ( fig. S4B ). In contrast, the T139A variant in the domestic cat (which does not affect pattern) yields a MAPP score of 3.8. The blackfooted cat (Felis nigripes) is a clear outlier from other Felidae, with five lineage-specific nonsynonymous substitutions and a combined MAPP score of 50 ( fig. S4C ). F. nigripes exhibits a spotting phenotype that is similar to the atypical swirled pattern associated with the T139N allele in domestic cats (fig. S4D) ; thus, recent evolution of Taqpep in F. nigripes may contribute to its characteristic pattern.
To investigate how color patterns are implemented, we examined fetal cat skin at 3, 5, and 7 weeks of gestation, and observed that the first histologic indication of tabby markings coincides with their external appearance at 7 weeks, when follicle architecture is established and hair shafts begin to protrude through the epidermal surface (Fig. 3) . At this stage, the boundary between dark and light tabby components reflects differences in the amount of melanin deposition, with no apparent difference in cell type; melanocytes are present in both dark and light areas but produce more melanin in dark areas. Furthermore, the density and architecture of hair follicles are independent of localization to dark and light areas (Fig. 3B ). This suggests that tabby markings arise from spatial variation in transcriptional activity rather than cell type distribution.
We used the EDGE (EcoP15I-tagged Digital Gene Expression) (13) (Fig. 4A and fig. S5A ). However, the number and size of follicle clusters, as well as the number of epidermal pigment cells, do not vary between black-haired and yellow-haired areas ( fig. S5B ). Based on a previous analysis of EDGE results from a single cheetah, we hypothesized that black coloration involves localized alterations of genes downstream of Mc1r signaling (13) . Biopsies of yellow-and black-colored areas from five different animals enabled a genome-wide approach, in which the expression of 14,014 genes could be measured across a 10 6 -fold dynamic range (Fig. 4B) . At a false discovery rate (q) < 0.05, we identified 74 differentially expressed genes (tables S7 and S8).
Among 60 genes up-regulated in black as compared to yellow cheetah skin, 7 are melanocytespecific, of which 4 [Tyr (4.9-fold, q = 3.8 × 10 )] encode pigment type-switching components (14, 15) . Genes that encode ligands or regulators of Mc1r signaling are not differentially expressed between yellow and black cheetah skin (Fig. 4B and table  S7 ). However, one of the nonmelanocytic genes up-regulated in black as compared to yellow cheetah skin (4.9-fold, q = 2.1 × 10 −4 ), Edn3, a paracrine hormone expressed mostly by mesenchymal cells that promotes differentiation and proliferation of melanocytes and other neural crest derivatives, is a candidate for the coordination of spatial variation in hair color. A hypermorphic mutation of Gnaq, the second messenger through which Edn3 acts, causes the accumulation of dermal melanocytes during embryogenesis and converts yellow hair to black in postnatal mice (16, 17) .
Quantitative reverse transcription polymerase chain reaction (qRT-PCR) confirmed that the expression of Edn3 and Silv was increased in blackcolored as compared to yellow-colored areas of cheetah skin; we also observed similar increases in a single leopard skin sample (fig. S5C) . In neonatal skin from domestic cats (in which there is a high proportion of anagen follicles), Edn3 mRNA expression was also~twofold higher in dark as compared to light areas (Fig. 4C) , and in situ hybridization revealed that expression was restricted to the dermal papilla, a permanent portion of the hair follicle.
In A y mutant mice, which express high levels of Agouti protein and produce pheomelanin instead of eumelanin, we confirmed that an Edn3 transgene (18) converts yellow hair to dark browncolored hair (Fig. 4D) . Using qRT-PCR, we observed that the Edn3 transgene in mice also caused increased expression of the same melanocytespecific genes that are overexpressed in blackcolored areas of cheetah skin (Fig. 4B) . Thus, increased expression of Edn3 in transgenic mice probably recapitulates both the coat color and melanocytic gene expression phenotypes observed in cheetah skin, which suggests that localized expression of Edn3 during felid hair follicle growth serves as a master regulator of spatial hair color differences associated with tabby markings.
In the skin of neonatal domestic cats and adult cheetahs, Taqpep mRNA is expressed at low levels that do not differ between dark and light areas (Fig. 4, B and C) . In mice, levels of wholeembryo Taqpep mRNA as measured by qRT-PCR increased progressively during gestation and were highest in postnatal skin ( fig. S6) . In situ hybridization to mouse embryos (at embryonic days 10.5 to 17.5) and to fetal cat skin at 3, 5, 6, and 7 weeks of gestation did not reveal localization of Taqpep mRNA to any specific cell type or region.
Because tabby markings are apparent soon after the time when melanocytes enter hair follicles (Fig. 3A) , the effects of Taqpep on pattern morphology must occur at or before follicle development and are therefore likely to be mediated by epithelial or mesenchymal cells. Our results suggest that Taqpep is required to establish the periodicity of tabby markings during skin development (Fig. 5A) , and that the "tabby marking" identity of a particular region is implemented and maintained by the ability of dermal papilla cells to sustain high versus low levels of Edn3 production throughout subsequent hair cycles (Fig. 5B) . This model also helps to explain why, in contrast to many periodic color patterns in fish, which are mediated by and depend on direct contact between pigment cells (19) (20) (21) , tabby markings change in size but not number during organismal growth.
Our findings also provide a mechanistic explanation for epistasis relationships between Agouti, Mc1r, and Tabby. Homozygosity for a loss-offunction Agouti allele is associated with a "ghost pattern" in which Tabby stripes are difficult or impossible to visualize, because eumelanogenic genes such as Tyr, Tyrp1, Dct, and Pmel are already upregulated. The ghost pattern becomes apparent, however, in animals that are doubly mutant for Agouti and Mc1r (5), because endothelin and melanocortin signaling act in parallel ( fig. S7) . A system in which distinct paracrine signaling pathways-endothelins via a Ga q -coupled receptor and melanocortins via a Ga s -coupled receptorconverge on overlapping cellular machinery could explain more complicated phenotypes, in which pheomelanin-rich yellow versus eumelanin-rich black areas exhibit both periodic and regional fluctuation, such as spots or stripes of alternative pigment types overlaid on a background of dorsoventral differences, as is apparent in leopards, jaguars, and tigers. Further studies of color pattern in domestic-wild cat hybrids offer the opportunity to study these complex color markings and add to our knowledge of how felids acquire their color patterns. S omatic inactivating BAP1 mutations occur in the majority of metastatic uveal melanomas and approximately one-quarter of malignant pleural mesotheliomas. Somatic mutations also have been identified in breast, lung, and renal cell cancers (1) (2) (3) (4) (5) . Recently, germline BAP1 mutations were linked to a tumor predisposition syndrome characterized by melanocytic tumors, mesothelioma, and uveal melanoma (6, 7) .
We investigated the normal physiological role of BAP1 using BAP1-deficient mice (fig. S1A). Bap1 −/− embryos showed developmental retardation at embryonic day 8.5 (E8.5) and were not detected beyond E9.5, indicating that BAP1 is essential for embryo development ( fig.  S1 , B and C). To bypass this embryonic lethality, we bred mice that expressed the tamoxifeninducible recombinase creERT2 ubiquitously from the Rosa26 locus (8) and had Bap1 exons 4 and 5 flanked by lox sites (floxed) (fig. S1A ). The floxed Bap1 exons were deleted from most adult mouse tissues at 1 week after daily tamoxifen injections for 5 days were completed, the brain being the expected exception ( fig.  S1D) (Fig. 1, A and B) . Histopathology, flow cytometry, and myeloperoxidase immunohistochemistry revealed that splenomegaly in the KO mice resulted from extramedullary hematopoiesis and expansion of the myeloid lineage (Fig. 1, C to E) . Myeloid cells also were increased in lymph nodes ( fig. S2 ) and bone marrow (Fig. 1F) .
Peripheral blood taken from 11 out of 12 BAP1 KO mice at 4 weeks after the final tamoxifen injection showed cytological features consistent with myelodysplasia and ineffective erythropoiesis (Fig.  1G) . Total leukocyte numbers were elevated (Fig.  1H ) because of monocytosis (Fig. 1I ) and neutrophilia (Fig. 1J) , which is consistent with chronic myelomonocytic leukemia (CMML)-like disease [classified as a myelodysplastic/myeloproliferative disease according to the new World Health Organization classification of myeloid neoplasms (9) ]. Thrombocytopenia was detected as early as 1 week after the final tamoxifen injection (Fig.  1K) , and all diseased mice developed severe progressive anemia (Fig. 1L) . We noted morphologic features of erythroid dysplasia, including increased numbers of nucleated red blood cells, anisopoikilocytosis, and prominent basophilic stippling (Fig. 1L ). Hypersegmented neutrophils (Fig. 1J ), bilobed granulocytes (Fig. 1I ), giant platelets (Fig.  1K) , hyposegmented neutrophils consistent with pseudo-Pelger-Huët anomaly, and atypical immature cells with myelomonocytic features were also observed. Mitotic figures and apoptotic cells ( fig. S3) were consistent with human myelodysplastic syndrome (MDS) (10), whereas blasts were rare. Collectively, these data show that Bap1 deletion produces a myeloproliferative/ myelodysplastic disorder with features of human CMML. Consistent with what is seen in patients with end-organ damage from myeloid neoplasms, the BAP1 KO heart contained microthrombi with multifocal necrosis, neutrophilic inflammation, and infiltration of myeloblastic cells ( fig. S4 ).
Given that chronic myeloid neoplasms originate in the phenotypic hematopoietic stem cell (HSC) compartment (11), we characterized the lineage-depleted hematopoietic progenitor cell population in the BAP1 KO mice. Lineage-negative ScaI -c-Kit + myeloid progenitor cells and HSCenriched lineage-negative ScaI + c-Kit + (LSK) cells were increased in BAP1 KO spleen and bone marrow as early as 2 weeks after the final tamoxifen injection ( fig. S5A ). Given that BAP1 KO mice develop monocytosis and neutrophilia, BAP1 KO LSK cells harvested 1 month after tamoxifen treatment expressed higher levels of a subset of genes involved in myelopoiesis [ fig. S5 , B and C (12) ]. In methylcellulose colony-forming assays, BAP1 KO LSK cells yielded fewer colonies than WT LSK cells (fig. S6, A and B) . In addition, unlike cells from WT colonies, which could be replated after 10 days in culture to form new colonies, replated BAP1 KO cells did not produce wellformed colonies, and many exhibited cytoplasmic blebbing characteristic of apoptosis ( fig. S6, C  and D) . These in vitro data suggest that BAP1
